The outer valence double ionization spectrum of BF, is investigated by computing 100 double ionization transitions with the Green's function method. The results show that one-site and twosite hole localization on the fluorine atoms takes place to full extent and the energy split between clusters of states with similar hole distribution exceeds 10 eV. Double hole localization as a.
INTRODUCTION . . j
Localization of double valence holes in molecular dicationic states has often been invoked' to explain qualitatively features of Auger spectra and fragmentation mechanisms following core ionization and/or excitation. Many studies of Auger spectra are in fact based on an approximate first order perturbation analysis of double ionization energies, where the spatial distribution of the holes strongly affects the holehole interaction term and thus the estimated energy position of the Auger peaks. Similarly, hole localization can be expected to substantially influence' the matrix elements between the initial, highly localized, core hole state and the final doubly ionized states,.and therefore the intensity distribution of the Auger spectra.
need of computing a large number ( 102-103) of dicationic states, which are normally experimentally observable. For even moderately large systems, this already rules out theoretical methods which do not account for electron correlation and makes accurate configuration interaction calculations very expensive. A further complication arises when substantial localization effects take place, since the HartreeFock method is unable to describe localized states without breaking the symmetry of thewave function;, m.oreover, as we shall discuss, even in a broken-symmetry .basis, a variational independent-particle approach will generally fail to describe at all dicationic states in which the two vacancies are localized at the same atomic site. Therefore, at the very least, two-hole configuration mixing procedures are required.
The mechanism of hole localization in dicationic states has been discussed in detail for the case of double core holes in molecules possessing equivalent atoms.' There, the Coulomb repulsion between 'degenerate, nonoverlapping core holes and the strong relaxation effects play the dominant role and drive the localization mechanism. The resulting dicationic states have two core holeslocalized at the same or at two distinct atomic sites. In the case of uaZence dicationic states, the situation is considerably more complicated for, in general, no degeneracy exists among the wave function components required to buildup localized states, and relaxation effects are much weaker. Qualitatitive two-state models for such vacancy localization in final Auger states have also been discussed in the literature.3
Despite the general'qualitative awareness of the'effects of valence hole localization in dications, no accurate ab 'initio investigations exist, to our knowledge, on such effects. Generally speaking, the major difficulty in'the calculation of double ionization spectra of molecules is constituted'by the In the present paper, we discuss the results of ab initio Green's function calculations on the double ionization spectrum of boron trifluoride. Like most fluorides, BF, can be expected to be a particularly well suited example to investigate valence double hole localization, since it is a highly ionic molecule and possesses symmetry equivalent fluorine atoms unbound to each other. The experimental Auger spectrum of BF, has been published4 and only qualitatively interpreted.4J5 We shall discuss the extent to which hole localization takes place and how it affects the energy positionand intensity of the Auger peaks. We shall introduce a "two-hole atomic population analysis" which will enable us to give some quantitative account of vacancy localization in the dicationic states. In previous work on Auger spectra,6 we have presented and successfully'employed a statistical approach to the calculation of Auger intensities, based on the convolution of simple matrix elements of the dicationic states. The applicability of this approach, as it has been used so far, is limited to cases where localization effects are absent or weak. We shall see here how the statistical approach can easily be modified and extended to successfully overcome this limitation, still retaining its powerful simplicity.
II. COMPUTATIONAL DETAILS
The outer valence double ionization spectrum of BF, has been computed using the second order scheme of the algebraic diagrammatic construction (ADC) method for the calculation of poles and residues of the particle-particle propagator. The ADC theory and its implementation details have been extensively described in previous literature.".' We briefly recall here that the ADC formulation of the spectral representation of the propagator leads, at any given order of perturbation theory (as defined with respect to the neutral ground state Fock operator), to a symmetric eigenvalue problem in the space of the dicationic configurations of the system under study. The double ionization energies appear as eigenvalues and the eigenvectors are related to the residue amplitudes of the propagator. In the second order scheme, ADC(2), the configuration space comprises all the two-hole (2h) configurations and all their single excitations (3h lp), defined in the basis of the neutral ground state Hartree-Fock orbitals. The resulting eigenvalues give size-consistent ionization energies which are correct beyond second order for main states (i.e., states perturbatively derived from 2h space) and beyond first order for satellite states (derived from 3h Ip configurations ) .
The calculations of the present work have been carried out in a contracted Gaussian double zeta plus polarization basis set,' the polarization functions consisting of one set of d functions on each atom with exponents 0.5 (boron) and 1.62 (fluorine). ' The experimental" B-F bond length of 1.295 A and D,, symmetry have been used. The ADC matrices range in size from 5985 to 9078, depending on space/spin symmetry (in the C,, subgroup).
Ill. LOCALIZATION EFFECTS ON DOUBLE IONIZATION ENERGIES
BF, is an ionic molecule, in which most of the outer valence electron density is located on the fluorine atoms. Furthermore, there is no direct bonding between these atoms, which are far apart from each other. Already in the neutral ground state, therefore, the electronic structure of the system can adequately be described in a localized picture, with three ionic cr bonds between boron and the fluorine atoms and three nonbonding, nonoverlapping, electron distributions (lone pairs) concentrated around the fluorines. Thus, in the Hartree-Fock D,, ground state configuration (core) la~21e'42a~22e'41a~23e'41e"41a~Z the four outermost orbitals represent symmetry adapted (delocalized) combinations of the fluorine lone pairs, while the 2a; and 2e' orbitals can be essentially identified as symmetry combinations of the (T bonds. In such a situation, it is expected that a valence ionization event creates a symmetry breaking driving force, leading to an effective localization of the positive charge. In singIe ionization, the localizing mechanism can be interpreted in terms of enhanced relaxation effects; similar to the case of core ionization." Upon double ionization' an additional large term arises because of hole+ hole repulsion, leading to low-lying states with two holes localized on different fluorine atoms and high-lying counterparts with two holes localized on the same atom. In the following, we will -present a quantitative discussion of these effects for many dicationic~states of BF, and how they affect the Auger spectrum of this system.
Using ADC( 2) we computed double ionization potentials (DIPS) and pole strengths of BF, in the outer valence energy region extending from 37 to 70 eV. In this range we found 100 dicationic states having significant two-hole contributions. The lowest 54 states, up to 60 eV, are all main states with a 2h character exceeding 70%. The remaining 46 states are concentrated in a energy interval of less than 10 eV and are almost exclusively satellite states, their two-hole composition ranging from 10% to 40%.
The DIPS of the lowest main states, up to 60 eV, and their 2h composition is reported in Table I . The main feature emerging from these data is the very strong two-hole configuration mixing in the composition of most states, already at low double ionization energy. We notice, however, that a small number of triplet states are essentially described by a single 2h configuration. These observations already point very clearly to an evident intractability of the BF, double ionization spectrum within an independent-particle framework and are consistent with the requirements dictated by atomic localization of the positive charges. To illustrate this consistency, consider for example, the fluorine lone-pair orbitals la; and le", which can be approximated as linear combinations of the out-of-plane atomic p orbitals of the fluorine atoms only. In the following, we collectively denote the 2h configurations in which two electrons are removed from these orbitals as (la;,le") -*. It is immediate to see, using only symmetry considerations, that singlet 2h configurations involving these orbitals are effectively a mixture of localized configurations in which the two holes are either localized at only one fluorine or at two different fluorine sites. On the other hand, the triplet ( la;, le") -' configurations must involve only two-site localized configurations. Consequently, if vacancy localization in the final Auger states takes place, we should observe a strong mixing of these configurations in the singlet states and only a much weaker mixing (except of other nonlocalizing correlation effects) in the triplet states. The results in Table I indeed confirm these expectations.
Still restricting ourselves to the simple case of dicationic states dominated by double ionization of the fluorine out-ofplane lone pairs, we can carry our qualitative analysis further. If full localization occurs, we should expect these states to cluster in two groups: a group at lower double ionization energy, corresponding to states with two holes on distinct fluorine sites (two-site states), and a group at higher energy comprising states with two holes on the same fluorine atom (one-site states), the energy gap between the two groups being essentially dictated by the difference in holehole repulsion. If correlation effects are weak, and not con- '; 0.045 2e' 0.420 2~; le"; 0.295 2e'la;; 0.087 la;3e'; 0.027 3e'le"; 0.021 le" la; 0.381 2~; le"; 0.362 2e'la;; 0.068 la;3e'; 0.029 3e'le"; 0.020 1e"h.r; 0.450 2e'le"; 0.362 2~; la;; 0.044 3e'le" 0.428 2ai Jdi; 0.389 2e'le"; 0.045 3e'le" 0.365 2e '; 6249 2a; 16;; 0.199 2e'3e'; 0.043 3e' 0.375 2e'; 0.204 2a; 3e'; 0.154 2e'3e'; 0.071 2a; 2e'; 0 .029 3e'la;; 0.016 2e'la; 0.568 2a;2e'; 0.175 2a; 3e'; 0.067 2e'3e'; 0.034 2e'la; 0.420 24; 0.300 2e'; 0.126 2e'3e' 0.282 Ze'le"; 0.279 3e'le"; 0.246 la;ld, 0.220 lni3e'; 0.171 2e'la;; 0.168 2e'le"; 0.142 1e"la;; 0.097 3e'le" 0.290 2e'la;; 0.286 2~; le"; 0.134 2e'le"; 0.050 3e'le"; 0.045 la;3e' 0.315 3e'le"; 0.253 1a;ln;; 0.242 Ze'le" 0.260 2~; 2e'; 0.216 2e'3e'; 0.183 20; 3e'; 0.114 2e'la;; 0.032 3e'la; 0.267 1a;le"; 0.133 3e'fd;; 0.126 2e'la;; 0.102 le"; 0.083 2e'3e'; 0.067 3e '; sidering degeneracies, we should observe a number of twosite singlet states equal to the number of fluorine pairs (three) and the same number of two-site triplet states. At higher energy, there should further be a singlet one-site state for each fluorine atom. Clear traces of this simple picture can indeed be found in Table I : between 38.8 and 42.2 eV we see four states dominated by (la;,le") -' configurations, two of them being E' states. This reflects exactly the expected total of three singlet and three triplet (nondegenerate) twosite states. Roughly 10 eV above these, between 5 1.2 and 53.0 eV, we find other (singlet only) states with large ( lal,le") W-2 character, which should correspond to onesite singlets. In this energy range, however, the density of states and correlation effects become substantial and thus we see that the number of states exceeds the expected three and other configurations contribute significantly. To visually illustrate the above discussion, we have plotted as a bar spectrum in Fig. 1 the contributions of ( la&le") -' configurations to the ADC states, extracted from Table I . Essentially identical considerations can be made for states arising from double ionization out of the in-plane fluorine lone pairs, complicated by the fact that more than one atomic orbital on each fluorine atom must be considered in the combinations, which gives rise to the possibility of triplet one-site states as and la; -' to the ADC(2) dicationic states of BF,, taken frim well. In all cases one notices that the same 2h configurations combine to give rise to two well defined groups of states, separated by 9 to 13 eV, with phases appropriate to characterize them as two-site and one-site states, respectively.
A most remarkable finding of our calculations is the magnitude of the splitting between the two groups of dicationic states, which constitutes a strikingly large energy effect when one considers that it occurs in the outermost valence region. In light of the above discussion, we may indeed consider such effect a true fingerprint of double hole localization, which is particularly enhanced in BF, because of ionicity and the marked space contraction of the tluorine lone pairs. In fact, we may crudely approximate the hole repulsion in the two-site states by the inverse distance between fluorine atoms, giving 6.4 eV. The observed energy gap between two-site and one-site states would then imply an effective hole repulsion in the one-site states of the order of 15 to 20 eV. For comparison, we recall here that the hole repulsion in the one-site doubly core ionized states of hydrocarbons2 is about 95 eV.
One important consequence of our results above is worth emphasizing and must not be overlooked. Within the full symmetry of the molecule, an uncorrelated theoretical method like Hartree-Fock (HF) is generally unable to describe localized states, except for a few cases which, as already noted, can be qualitatively approximated by a single configuration. This failure manifests itself as a discontinuity of symmetry restricted Hartree-Fock with respect to symmetry breaking coordinates and is related to the dilatation nonanaliticity of the Fock operators. I2 Restricted HF is well known to produce large errors in the computed single13 and double' ASCF, (Self-consistent field) ionization energies of core electrons, where the energy terms arising from hole localization are very large. In single core ionization of molecules possessing equivalent atoms, the ASCF electron binding energy computed in a symmetry adapted (delocalized) orbital basis can be shown" to account for only about half of the large relaxation energy. In double core ionization, delocalized ASCF calculations yield unphysical DIP values lying halfway between the correct two-site and one-site DIPS, with, for example, errors as large as 50 eV in the hydrocarbons.2 Restricted HF failure to predict symmetry in general open shell situations is well known and has been discussed in a number of cases. I4
The present case suggests that HF breakdown can have disastrous proportions in the outer valence regime as well. To show this, we have computed some low lying states of BF +-+ at the Hartree-Fock level. We have performed three series of HF calculations: In the first, we have imposed & symmetry on the wave functions, as would normally be done; in the second, one fluorine atom has been made nonequivalent, thus descending from D,, to C,, symmetry; finally, in the third group of calculations, full in-plane symmetry relaxation has been allowed (C, group). The resulting ASCF DIPS are reported in Table II and confirm fully our arguments. In D,, symmetry [see the iirst column of the table), the le"-' c3-4 5 ) state is incorrectly computed to be the BF,+ + vertical ground state, lying about 5 eV below all the other states. This is readily explained on the grounds of TABLEII. Vertical ASCF DIPS of some low lying dicationic states of BF,, computed by imposing D,,,, G,, and C,$ymmetry restrictions on the dicationic wave functions. The notation for 2h configurations is as in Table I Table II serve very well to illustrate the effects of breaking the symmetry of the HF wave function. Destroying wave function symmetry (e.g., by very slightly distorting the molecular geometry in BF, so that the three fluorine atoms are no longer equivalent) is a common procedure to enforce localization in a single configuration method. If one were to compute, for example, the fluorine KLL Auger energies at the Hartree-Fock level, it would suffice for the initial F 1s core hole state to use a C,, geometry (with one nonequivalent fluorine) in order to recover the full relaxation energy of this state. We note, however, that lowering the wave function symmetry to C,, is not enough to produce the correct low-lying iinal dicationic states, since, although one hole would correctly localize at the nonequivalent fluorine site, the other would still be delocalized over the two equivalent fluorine atoms: Table II shows indeed that, in C7?, symmetry, the 3E u and 'E fl states drop by 4.8 and 5.6 eV, respectively, with respect to D,, but they are still 1 eV higher than in C, symmetry. Thus, it is only by making all three fluorine atoms pairwise nonequivalent, through full distortion to C, symmetry, that the correct hole localization for the two-site states can be achieved in HF calculations. Note that the different energy lowering of the 'E B and 'E fl states reduces their splitting from 0.89 eV in D,, to 0.02 eV in either C?, or C,: this reflects the drop of the short range exchange interaction between the holes when they localize in distant regions of space. Finally; it is very important to note that in all the three series of results in Table II the singlet homo -' closed shell ( la; -2 in D,, ) is computed to have the same DIP of 44.78 eV, regardless of the number of equivalent fluorine atoms. This points to a fundamental, nonremovable, limit of the Hartree-Fock approximation and can be readily explained by considering that while two-site states lie lower in energy than delocalized states and become suddently accessible in Hartree-Fock once the appropriate symmetry constraints have been lifted, it is variationally impossible for Hartree-Fock to access the high-lying one-site states. By variational collapse, these will be incorrectly approximated by unphysical, lower-lying delocalized states of the same symmetry. The home-* state of Table II is evidently one such spurious approximation: it represents a fully delocalized two-hole state, whose energy is obviously invariant with respect to the almost negligible geometry changes operated to break the symmetry.
The discussion presented so far has demonstrated that valence hole localization takes place to full extent in the outer valence dicationic states of BF, . It would be very important to be able to give a complete quantitative account of hole localization over the whole double ionization spectrum and devise a general scheme of analysis. We turn to this task in Sec. IV.
IV. LOCALIZATION ANALYSIS: TWO-HOLE ATOMIC POPULATIONS
BF + + represents a clearcut, extreme case of double hole loialization which, at least in the outermost valence region, can be analyzed with the simple arguments used in Sec. III. We would like, however, to make those arguments more quantitative and to develop a general method of analysis to measure the one-and two-site atomic contributions for the whole double ionization spectrum of any molecule. Such a method, routinely applied, would allow us to establish when and to what extent hole localization takes place, and thus to predict and generalize localization effects on Auger spectra. The easiest useful way to achieve this is through a two-hole population analysis of the dicationic states, which we simply implement in the same spirit as Mulliken population analysis; For simplicity, we restrict the formulation to the 2h components of the eigenvectors and we start by expanding the spin adapted 2h configurations in'2h configurations built in the atomic orbital (AO) basis: pp)) = {;I CT;;,; jpq(s't)),
where the superscripts s and t denote singlet or triplet spin multiplicity, respectively, and i,j and p,q are hole indices. (i>J'), (24
where jQO) is the. Hartree-Fock neutral ground state and the upper sign in Eq. (2a) holds for singlets. The 8, are spinorbital annihilation operators. The definitions for the A0 functions (pq""') are identical except that, for convenience, we take Eq. (2a) and not Eq. (2b) as also defining the (unnormalized)'diagonal terms Ipp '"') . The matrix elements of Us) and U(') are easily worked out in terms of the HF eigenvector matrix (of LCAO coefficients) C: U$,$ = epic* * cqfcpj; (P>q,j>j), @a) Ujl, = cpic*i; (f>j), (3b) ujzii = ficpfcqi; (P > q)t (3c) U(S).. = 1 c2.
The overlap matrices over the A0 2h functions read 0 (sJ) = sprsqs f s,,s,,, PWS (4) where S is the basis set overlap matrix. We can now drop the superscripts indicating spin multiplicity, since the following equations hold identical for both the singlet and triplet quantities. The orthonormality condition of the MO functioris reads u+o u = 1.'.
It is now straightforward to express the 2h part of the ( ADC or any other) eigenvector X, for the nth dicationic state in terms of the A0 2h functions, obtaining a new vector Y, i (7) where Q p4.n = yp;,t7 c ym opq,rr (8) 1r4 is interpreted as the contribution of the function Ipq) to the total 2h weight of the nth state. Equation (8) provides a general, well-defined way to analyze the dicationic states in terms of atomic contributions. The sum of terms Qpq,", where both p and q refer to basis functions centered on a given atom A is the "one-site pole strength" of that atom for the nth state, and measures the extent of one-site localization of the holes on A. Similarly, we can obtain a measure of two-site character of a state for each pair of atoms A and B, by summing all the Qpq,, terms where p and q refer to basis furictiorrs on A and B, respectively.
In the case of BF, we can thus separate the total 2h pole strength of the ADC states in contributions which we denote as B -' (two holes on the boron atom), Fe2 (ttio holes on the same fluorine atom), F; 'F; ' (two holes each on another fluorine atom), and B -'F -' (one hole on boron and one on a fluorine atom). The correspondiilg results are reported in Table III . This analysis confirms fully the strong double hole localization taking place in the dicationic states of BF, and shows the expected clustering of states with similar hole distribution. All the states are obviously largely dominated by fluorine hole population, the. B -2 and B -'F-' character being 1 to 2 orders of magnitude smaller and approximately uniform throughout the spectrum. Three distinct group of states can be identified in the computed energy range and clearly characterized, according to their fluorine population: between 37 and 48 eV we see states dominated by F; 'F; ' character, -from 48 to 60 eV by one-TABLEIII. DIPS and two-hole population analysis of the Green's function 2h pole strengths for the dicationic states of BF, . site F -2 population and finally, beyond 60 eV, the. F, 'F; '-type states again dominate. We shall describe these results in more detail in Sec. V. by showing how our two-hole population analysis can be exploited most usefully for an accurate theoretical study of Auger spectra.
V. LOCALIZATION EFFECTS ON AUGER SPECTRA: A NEW STATISTICAL APPROACH
The boron and fluorine KLL Auger spectra of BF, , as well as those of other fluorides, have been only qualitatively discussed through empirically shifted self-convolutions of single ionization energies in one-particle approximation.4*'5 These procedures could only tentatively explain some gross features of the spectra, and the different energy shifts needed to align experimental and predicted energy positions were of the order of magnitude expected for the effective repulsion between localized holes that we discussed above. Our computed double ionization spectrum of BF, should now allow us to give an accurate description of the Auger spectra, but in order to do this we'must first discuss in some detail the effects of double hole localization on Auger intensities.
Let us consider the simplest accurate expression of the Auger transition rate T,, for the nth final state Y z-2, which we obtain from the general formulationi in the limit of fast Auger electrons and by approximating the initial core hole state as ii, IY:), where I'#) is the neutral ground state 2 T, = 2 VW y6j.n . i>/
Here I&,, l = KYk, -Vi,, is an antisymmetrized two-electron integral in the one-particle (Hartree-Fock) basis and xi,n = <w;-2piiij pq)
are the residue amplitudes of the Green's function, which we approximate with the2h part of the ADC eigenvectors in our calculations. Thus, after spin adaption, the Xv,, coincide with the elements of the vector X, of Eq. (6) and the quantity X:X, is the total 2h pole strength for the nth dicationic state.'The one-particle indices u and c in Eq. (9) refer to the ejected Auger electron and the initial core hole, respectively, while i and j refer to the valence holes (occupied orbitals of the neutral ground state). The calculation of the Coulomb matrix elements in Eq. (9), involving the continuum orbital pU, is a difficult task and, for small molecules having an 'atomiclike Auger spectrum, it has often been avoided in the past by approximating the matrix elements with atomic integrals." In recent years, we have instead introduced6 a statistical approach to the computation of Auger spectra, based on the consideration that, for even moderately sized systems, the number of states contributing to the observed Auger peaks is very large. In such conditions, it is reasonable to assume that an accurate evaluation of transition rates for individual states is not needed (and actually beyond reach for very large systems), since the relative intensities and the overall shape of the spectra is essentially determined by the density of states and their 2h pole strength. Application of this idea, using Gaussian convolutions of the computed 2h projection of the dicationic states, has provided an excellent reproduction and interpretation of the Auger spectra of a series of hydrocarbons up to benzene.6 In light of Eq. (9), the statistical approach, as has just been described, can be seen to contain the assumption that the Coulomb integrals are approximately energy independent and, more important, give on average contributions of the same order of magnitude for all hole pairs (possibly with isolated exceptions averaged out by the high density of states). Owing to the strong space localization of the core hole, if the valence holes are effectively delocalized, this is a very sound assumption, as our previous investigations have confirmed. The situation may change dramatically if a strong hole localization takes place in the final states. It is easy to see, by imagining to compute the matrix elements in a localized basis, that integrals involving one or two holes localized in regions of space far away from the initial atomic core vacancy would effectively vanish. Due to the clustering of states with similar hole distribution, this would in practice quench out the relative Auger intensity of entire regions of the spectrum. Furthermore, the simple statistical procedure used so far cannot, of course, account for differences between the rates of Auger decay from different core ionized states.
Both the above discussed problems reflect the complete neglect, in the original statistical approach, of a measure of the spatial distribution of the valence holes relative to the initial core vacancy. We would like to incorporate such a measure in our method, without, at the same time, abandoning the insight that the Auger line shapes can be estimated without an explicit knowledge of individual state transition rates. According to the previous discussion of Auger intensities and in the spirit of the statistical approach, the idea arises immediately of using the one-site pole strengths for a given atom, resulting from the two-hole population analysis, as estimates of the relative transition rates in the Auger spectrum originating from core ionization of that atom. In this way we fully retain the simplicity of the statistical approach and only replace the total 2h pole strengths with the one-site 2h populations..We now turn to the specific case of BF, for a practical illustration of Auger intensity analysis and an application of our modified statistical procedure.
In Fig. 2 we have reported the theoretical double ionization spectrum of BF, as it would 'result from the original statistical analysis, by convoluting the total pole strengths with Gaussians [of FWHM (full width half-maximum) 1.5 eV] . The individual states and pole strengths are shown as a bar spectrum, As usual," we have employed a singlet to triplet height ratio of 3: 1. As the figure shows, the 100 states are grouped to give rise to fomcomposite peaks. We already know from our previous discussion that these peaks correspond to dicationic states of very different fluorine two-hole atomic population character. Note in particular the separa-. tion of more than 10 eV between the first two peaks at low DIP.
We have already given arguments that these two peaks comprise states essentially originating from double ionization of the fluorine lone pairs, with the group at lowest DIP being characterized by two holes located at distinct fluorine atoms and the one at higher DIP by holes located on the same fluorine atom. It seems evident that the simple distribution of states in Fig. 2 is not useful to interprete the fluorine KLL Auger spectrum of BF?, j since such different localization characters are expected to inliuence decisively the relative intensities. Indeed, the experimental spectrum of Ref. 4 shows only one intense peak in the energy region corresponding to one-site states. As to the spectrum originating from core ionization of the electron-deficient boron atom, the situation is substantially more complex since the spectrum is only indirectly affected by the different fluorine hole distributions and the boron hole populations are much smaller and more homogeneous throughout the spectrum. Therefore, while on one side an overall coarse resemblance between the shape and number of peaks in Fig. 2 and those of the experimental spectrum4 can be observed, on the other side the details of the intensity distribution depend on higher order effects, and. cannot be estimated on qualitative grounds. In particular, we notice that the theoretical peaks lie unacceptably lower in energy than experimentally found.
The theoretical fluorine and boron Auger spectra obtained using the respective one-site 2h populations are shown in Figs line shapes taken from Ref. 4. For clarity, we repeat here how these theoretical profiles are obtained: the 2h projection of the dicationic wave functions are analyzed through the two-hole population analysis described in Sec. IV. The B -' and the sum of the three Fez populations thus obtained are then used as relative intensities of the individual states in the boron and fluorine Auger spectra, respectively, and convoluted by Gaussian functions. As in Fig. 2 , a FWHM of 1.5 eV and singlet/triplet ratio of 3: 1 has been used for the convolutions.
The effects of the pole strength localization analysis on the theoretical profiles are apparent and the overall agreement between theoretical and experimental peaks is impressively good. In the fluorine spectrum (see Fig. 3 ), the intensity of regions dominated by the F; *F; r character has virtually disappeared, leaving essentially one intense feature of F-' character that matches exactly the experimental line shape at -52 eV. Our calculations reproduce some of the finest details of the structure with striking accuracy. At the resolution we have used the intense peak exhibits two components, as is also experimentally evident. At the high DIP side of the peak, around 57 eV, a further feature is extremely well reproduced. This peak is described by our localization analysis as comprising two states which, although dominated by F-' population, have a substantial B-'F-' character. A very weak feature on the low DIP side can also be clearly seen both in the theoretical spectrum and as a shoulder of the intense experimental peak. Further away from the central peak, on both sides, many states with very small F -' intensity are seen to give rise to a broad background, whose structural details are also qualitatively reproduced by our convolution. It is evident from these results that the Auger transition rates in the fluorine KLL spectrum of BF, are fully dominated by the F -' character of the states, demonstrating the validity and power of the assumptions,underlying our statistical approach.
The much more complex theoretical boron KLL spectrum, together with the relevant part of the experimental one, is reported in Fig. 4 and also permits a very accurate interpretation. It should be noted, however, that this experimental profile has been rigidly shifted down in energy by 3 eV with respect to Ref. 4, as we discuss below. From the figure, we-notice immediately that also in the boron spectrum the very lowest dicationic states, of purely fluorine two-site character, have practically no intensity (see also  Table III ). It is thus concluded that the Auger spectra of BF, do not provide a useful measure of the lowest vertical double ionization energies. The first theoretical peak on the low DIP side, at 44.5 eV, exhibits clearly the three components which are experimentally observed, two of them appearing as shoulders on each side of the main maximum. The three features are reproduced in approximately correct height ratio, but the overall height of this composite peak, relative to the higher energy ones, is smaller than in the experiment. The second, very broad, peak extends from 50 to 60 eV and is shown by our calculations to have a composite structure which is largely unresolved in the experimental spectrum. We compute this peak to be.composed of three main features (at 51.4, 53.8,,and 57:8 eV, respectively) , comprising a total of 16.states. The experimental shape of the peak gives strong indications for this composite structure, exhibiting a maximum at -53 eV and a broad shoulder at -57 eV. Both the experimental and calculated spectra show a third composite peak, well separated from the others, ,at 66 eV. As already noted in Sec. III, mainly satellite states contribute in this energy region of the spectrum and, also in this case, the calculated width of the peak agrees well with the experimental one.
The overall accuracy of the computed boron spectrum is surprisingly good considering that the B -7 2h population contributions are extremely small (of the order of 10 -2 in the largest cases), and therefore that other rate determining effects should play a comparatively large role. In this respect, one important consideration is that the B-' populations are always at least 1 order of magnitude smaller than the B -'F -' contributions: it is evident that the latter character, because of hole repulsion, is associated to a strong source of vibrational broadening of the spectrum, which of course we do not account for. For example, broadening of the components underlying the second peak, where (as noted in the discussion of the fluorine spectrum) a relatively large B -'F-' population is computed, would account for the apparently low experimental resolution, and improve the theoretical peak height ratio. These and other perturbations to the relative intensities simply derived from the tiny B-" populations may also explain the energy shift between theoretical and experimental peak positions. However, the fact that such a rigid shift is computed for the boron spectrum, and none for the fluorine one, is also suggestive of some possible inaccuracy in the energy calibration of the experiment.
VI. SUMMARY AND CONCLUSIONS
In this work we have studied in detail, using accurate second-order Green's function calculations, hole localization effects in molecular valence double ionization spectra. As a typical system where such effects are particularly enhanced we have investigated many outer valence dicationic states of boron trifluoride. The results have indeed shown that a strong atomic hole localization on the fluorine atoms takes place, giving rise to two-site dicationic states, characterized by two holes on distinct fluorine sites, and one-site states, where the two holes are located on the same fluorine atom. The findings are reminiscent of, and have been discussed in comparison with, the very similar situation found in the case of double core ionization. In particular, it has been shown that the energy effects accompanying localization are substantial (of the order of tens of eV), producing a clustering of states with similar hole distribution character. The complete breakdown of the symmetry restricted HartreeFock method to access valence hole localized states, well known before only for core ionized states, has been proved and discussed in detail, showing that the errors involved are of the order of several electron volts and that one-site states remain unaccessible even upon breaking wave function symmetry.
A simple general scheme for the quantitative study of localization effects in dicationic states has been presented, consisting in a two-hole population analysis of the dicationic states. The method allows an unambiguous definition and an exact characterization of one-site and interatomic (two-site) contributions to the relevant matrix elements (pole strengths). The information thus gained is very valuable in assessing the extent of hole localization taking place, and gives additional indications concerning the dissociative character of states, related to vibrational broadening in experimental double ionization spectra.
Based on the two-hole population analysis, a modification has been proposed of our original statistical approach to the computation of Auger line shapes, which automatically accounts in large proportion for the effects of hole localization in the final states on Auger transition rates. The results of this new statistical approach for the fluorine and boron KLL Auger spectra of BF, are of surprising accuracy, reproducing most of the finest details of the experimental spectral profiles. It seems clear that the method, here developed, of estimating double hole distributions, coupled with the possibility offered by the Green's function ADC theory of computing a large number of dicationic states, constitutes an accurate and efficient theoretical tool for the interpretation of molecular double ionization spectra. While the present paper has quantitatively demonstrated for the first time that valence hole localization effects play a crucial role in the gas phase Auger spectra of typical systems like fluorides, the two-hole population analysis here introduced provides the basis for the further understanding and theoretical generalization of such effects.
